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CHAPTER 1
INTRODUCTION
1.1 General Statement of The Problem
1.1.1 Background
Non-renewable resources of energy are limited in the world and are depleting at a
faster rate due to rapidly growing population. These energy resources are exhaustible
and are the main cause of pollution, which is eventually leading to another major
problem of global warming. Considering all these problems, it has now become a
dire need to find another substitute of energy which is mainly pollution free and
available in abundance. Among all the available renewable energy resources, wind
energy has many advantages like it is available in abundance, does not contribute to
global warming, requires less installation and maintenance cost for power generation.
The top leading countries in the field of wind energy production are USA, China,
Spain and Denmark. For many years wind energy has been used for many small
purposes like for water pumping with the capacity of 10 - 250 kW and for producing
mechanical power to operate some small devices, but nowadays it is also being used
to produce electricity with the application of wind turbines. Wind turbine consists
of a rotor shaft and a generator mounted in a nacelle.
Based on axis of rotation, wind turbines are divided into two types: Horizontal
axis wind turbines (HAWT) and vertical axis wind turbines (VAWT). In case of
horizontal axis wind turbines (HAWT), this arrangement is mounted at the top of a
tower with the rotor blades facing the wind directly. Whereas in case of VAWT, this
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arrangement is mounted vertically hence provides better stability to rotor blades and
are easily accessible for maintenance. Apart from having this arrangement, rotor of
VAWT requires no yaw mechanism to maintain a proper stability. VAWT is further
divided into lift driven VAWT (Darrieus type) and drag driven VAWT (Savonius
type) as shown in figure 1.1 and figure 1.2 respectively. Darrieus type VAWT proves
to be more efficient than Savonius type turbine. G. J. M. Darrieus was the first to
come up with an invention of VAWT in 1931 and since then study of wind turbine
has been of interest to many researchers. Figure 1.5 provides a statistical data of
world wide installed capacity of wind energy in MW.
After mid 80s, there has been a renaissance of interest regarding sources of renew-
able energy among numerous researchers (Bragg and Schmidt, 1978; Marini et al.,
1992; Wang, 2000; Chen and Zhou, 2009; Claessens, 2009; Ferreira, 2009) carrying
out extensive studies in the field of wind turbines. These studies have led to a wide
range of designs of VAWT and suggested various improvements on a conceptual ba-
sis. Selection of a wind turbine depends on the required tip speed ratio for instance,
straight bladed-VAWT is generally suitable to operate at high λ to avoid the problem
of self-starting, whereas helical type VAWT as shown in figure 1.3 is generally suitable
to operate at comparatively lower value of λ.
Various authors investigated the performance of VAWT, mainly including Bragg
and Schmidt (1978), Cetin et al. (2005) and Ferriera (2009) to name a few. Figure
1.6 by Bragg et al. (1978), depicts a curve between Cp and λ for varieties of wind
turbines. With this figure he explained the efficiency limit of an ideal wind turbine,
first proposed by a German physicist Betz in 1919, according to him no wind turbine
can have its efficiency (i. e. Cp ) more than 0.59 and this limit is called Betz limit.
Figure 1.7 shows a study by Chen and Zhou (2009) which explains the effect of pitch
angle on a performance of VAWT. Claessens (2009) in his thesis investigated the effect
of airfoil thickness on Cp of a wind turbine as shown in figure 1.8.
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1.1.2 Problem Statement
The present study explores a range of factors influencing the aerodynamic perfor-
mance of a VAWT. The effect of tip speed ratio has been examined which is considered
to be a prominent factor in deciding Cp of a wind turbine. In this regard, λ is opti-
mized for the maximum efficiency of the turbine. Effect of rotor diameter on Cp has
also been a part of this study. Furthermore, the blade and tower wakes at low and
high Reynolds numbers and their effects on Cp has also been the area of concern in
the present study. In addition, present study elucidates the effect of solidity on Cp of
a VAWT.
1.2 Previous Related Studies
1.2.1 VAWT
The research on VAWT aerodynamics began with the stream tube momentum
model and vortex model. There are many factors that affect the propulsive perfor-
mance of an airfoil like angle of attack, tip speed ratio, thickness, symmetricity of
an airfoil, lift and drag coefficient. While designing a quasisteady model of an airfoil
these factors were not taken into consideration hence the model did not come out to
be a more practical model. Therefore, studies of flapping and plunging airfoil, mainly
by Sane et al. (2002), Lee et al. (2006) and Shyy et al. (2009) came into existence
where the forces acting due to the unsteady motion of a wing were calculated.
Guerri et al. (2007) and Chen and Zhou (2009) both analyzed the flow around
a rotating VAWT by using Reynolds Averaged Navier Stokes (RANS) solver in 2-D
simulation. PISO discretization scheme with SST K-ω model was used to get the
flow details near the wall of the blades. Sliding mesh technique was used to make
a moving mesh. NACA 0018 airfoil type was chosen for both the studies. Grid was
split into moving and rotary part. Guerri et al. (2007) calculated the horizontal
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and vertical component of the forces acting on the airfoil to determine the value of
the total torque generated by VAWT whereas Chen and Zhou (2009) reported the
coefficient of moment. Moment coefficient of an airfoil is calculated by the following
formula:
Cm = Tmean/0.5ρAV
2R (1.1)
Chen also investigated the effect of pitch angle on VAWT aerodynamic perfor-
mance and obtained an optimum range of pitch angle which would give maximum
power output keeping tip speed ratio constant. Figure 1.7 shows the variation of Cp
with pitch angles. Guerri et al. (2007) analyzed the influence of tip speed ratio on
the aerodynamic performance of VAWT and also showed that the resulting value of
Cp obtained with RANS simulations is more accurate as the same Cp can be achieved
at relatively lower value of λ than obtained with the Multiple Stream Tube theory.
He also found that the computed force and torque vary periodically as a function of
angle of rotation θ.
Howell et al. (2009) and Claessens (2006) performed experimental and computa-
tional studies on 2-D and 3-D models at different Reynolds numbers. He obtained 3-D
computational results in a good agreement with the experiments. Effect of surface
roughness was also taken into consideration. It was concluded that 2-D CFD results
are always higher than 3-D CFD results and this is because of the presence of end tip
vortices which causes circulation in real wind turbine. In case of 2-D, losses due to the
end tip vortices and rotor arm are ignored. Periodic pattern of coefficient of moment
was also observed with three cycles per revolution. Claessens (2006) studied the ef-
fect of Reynolds number, airfoil thickness and tip speed ratio on NACA 0012, NACA
0015, NACA 0018, and NACA 0021. Figure 1.8 by Kirke and Lazauskas (1991) shows
the influence of airfoil thickness on the turbine performance at Re = 200000.
Tang et al. (2007) studied the effect of structural flexibility of airfoils on the
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fluid flow pattern around the VAWT. They found that structural flexibility causes
pitching and heaving motion to an airfoil when it comes to the effect of aerodynamic
forces. This leads to significant changes in lift and thrust generation as explained
in the previous equation, hence propulsive performance of a VAWT. Geometry of an
airfoil is also an important factor that influences aerodynamic performance and cost
of the wind turbines. Marini et al. (1992) studied the different airfoil shaped blade of
a VAWT and their performances. They used Single stream-tube momentum model
and free wake vortex model for their experiments. Ferreira (2009) did a study on 2-D
and 3-D wake generation of VAWT.
1.2.2 Flapping Wings
Hover et al. (2004) have conducted studies on angle of attack profiles and their in-
fluences on propulsive performance of a plunging and flapping airfoil. They employed
the method given by Read et al. (2003) that involved the comparison of performances
obtained by four different types of angle of attack profiles. The principle behind their
investigation was to vary the angle of attack to achieve a desired profile so as to get
the enhanced thrust performance. Shape of the angle of attack profile affects the wake
pattern hence the coefficient of thrust. Thrust coefficient of an airfoil is calculated
by the following formula:
Cthrust = Fθ/0.5ρAV
2 (1.2)
Where Fθ is the tangential force acting on airfoil.
Four major lift generating mechanism used by birds and insects have been iden-
tified by Ellington et al. (1996) and then experimentally confirmed by Tang et al.
(2007). Computational model proposed by Wang (2000) to solve Navier-Stokes equa-
tion for two-dimensional plunging airfoil proved to be very significant contribution
when it was compared with the results obtained by Birch and Dickinson (2001). Inves-
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tigations have been made by Lee et al. (2006) on unsteady, viscous and incompressible
flows over a two dimensional flapping airfoil.
Tay and Lim (2009) considered several variables like Strouhal numbers, pitch
amplitude and phase angle to evaluate lift, thrust and efficiency of non-symmetrical
flapping airfoil. They found that lift force depends on the shape of the airfoil whereas
thrust force depends on variables.
Strouhal number is a dimensionless parameter which describes the flapping flow
mechanism and is given as:
St =
fL
v (1.3)
Where:
f = Frequency of vortex shedding
L = Characteristic length (Chord length in present case)
V = Velocity of the fluid
Symmetrical airfoil contributes to only thrust and propulsive efficiency not to lift
whereas non-symmetrical flapping airfoil not only gives high thrust and efficiency but
high lift also. Sane and Dickinson (2002) modified quasi-steady model of a flapping
flight. They compared rotational force produced by hovering insect wing rotating at
a certain angular velocities with the force produced by translation of the wings of
quasi-steady model. Birch and Dickinson (2001), Ansari et al. (2006), Shyy and Liu
(2007), Shyy et al. (2009) conducted studies on Leading edge vortex phenomena of a
flapping wing of an insect to improve the aerodynamic performance. Dynamic stall
is a mechanism that gives rise to leading edge vortex (LEV) which is accountable for
a good performance of flapping wings. This LEV detaches from the wing and forms
wake into the trailing edge. Ansari et al.’s (2006) study was focused on complex
interaction between leading edge vortex (LEV) and trailing edge vortex (TEV). Shyy
and Liu (2007) explained that both the phenomena pressure gradient and centrifugal
force in the momentum equation cause to generate LEV. They utilized results ob-
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tained from experiments conducted by Birch and Dickinson (2001) on insect flying
at low Reynolds number and concluded that reduction in effective angle of attack
considerably reduces the effect of downwash and hence reduces the growth of LEV.
Shyy et al. (2009) demonstrated that having a low aspect-ratio of a flapping wing
can increase lift even if the wing is surrounded with the tip vortices. Lee et al. (2006)
successfully proposed a theory that thrust and drag generation depends on leading
and trailing edge vortex.
Numerous aspects of an aerodynamic performance of VAWT have been questioned
throughout the literature concerning the performance optimization of wind turbines.
Plenty of literatures are available dealing with the performance optimization of wind
turbines at high Reynolds number above 106 whereas very few are available concerning
low Reynolds number flow especially for Laminar flow. This brings upon a need for
further investigations into Laminar flow regimes over VAWTs. The effect of solidity
on Cp was not in a preview of available literature which makes it an immediate need
to explore about. Therefore, in a view of current status concerning an aerodynamic
performance of VAWT, present study is extended to improve upon the conceptual
approach.
1.3 Specific Objectives
Review of literature suggested the following specific objectives to accomplish in the
present study:-
• To investigate the aerodynamics of a moving airfoil (NACA0018) of VAWT in
two dimensional unsteady flows at Reynolds number of 1.086×106 using ANSYS
FLUENT 12.0.16 for simulation and ICEM CFD to generate sliding mesh.
• To study the variation of performance coefficient of VAWT at different tip speed
ratios and obtain an optimum value of tip speed ratio (λ) at which VAWT
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produces maximum power output for NACA 0018 airfoil.
• To investigate the influence of rotor diameter on aerodynamic performance of
VAWT.
• To study the effect of laminar boundary layer separation on Cp of a VAWT by
comparing the results of Laminar viscous model and RANS turbulence model.
• To consider the effect of solidity (which is given by σ = NbC/R) on VAWT’s
performance at σ1 = 0.321 for three bladed VAWT and σ2 = 0.642 for six bladed
VAWT.
1.4 Organization of The Thesis
The thesis is organized into four chapters. The statement of the problem, specific
objectives of the present study and literature review have been presented in the first
chapter. The second chapter describes the computational methods used during the
present study. The results and discussions are presented in the third chapter. Finally,
the summary and main conclusions of the present study, including recommendations
for future study, are presented in the fourth chapter.
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Figure 1.1: Darrieus type straight bladed VAWT (Islam et al., 2006).
Figure 1.2: Savonius type VAWT (Islam et al., 2006).
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Figure 1.3: Helical type VAWT (Quiet Revolution Ltd, 2008).
Figure 1.4: Worldwide electrical power generation (World Wind Energy Report,
2008).
10
Figure 1.5: Installed capacity of wind energy on yearly basis (World Wind Energy
Report, 2008).
Figure 1.6: Cp-λ curve for various types of wind turbines (Bragg and Schmidt, 1978).
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Figure 1.7: Variation of Cp with pitch angles at λ = 4 (Chen and Zhou, 2009).
Figure 1.8: Influence of airfoil thickness on VAWT’s performance at Re=200,000,
V=10 m/s [Kirke and Lazauskas (1991), Claessens (2006)].
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CHAPTER 2
COMPUTATIONAL METHODS
2.1 Introduction
The governing equations in Computational Fluid Dynamics (CFD) basically con-
sist of Continuity Equation, Conservation of Momentum also known as Navier-Stokes
Equation and Conservation of Energy. Fluent deals with inviscid and viscous flow
both, but in the present study we are dealing with the viscous flow; therefore, Conti-
nuity Equation and Navier-Stokes Equation will be mainly the area of concern. Some
of the prominent advantages of using CFD methods include the accuracy and reliabil-
ity of the results and lower cost of application of CFD as compared to the expensive
experimental methods. CFD uses computational software which offers a user-friendly
platform that enables users to simulate any flow with various sets of test conditions.
CFD works on a principle of discretization where a flow domain is discretized in
very small units called cells. This unit cell structure is known as mesh or grid. Several
discretization schemes are available in Fluent and choices can be made on the basis of
the needs of the end result. These cells are used for the analysis of the flow problem.
Fluent gives the properties of the fluid at every single node. Spatial discretization
schemes available in Fluent are Least Squares Cell based, Green Gauss Node and
Cell based which is to be chosen according to the flow pattern. A pre-processing
is required before proceeding to the post-processing. ICEM CFD has been used as
a pre-processor to generate the sliding mesh and FLUENT as a post-processor for
the simulation process. In addition to this, the boundary condition of the problem
is one of the decisive factors that plays a vital role in determining the accuracy of
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the simulation process. Therefore, it is the matter of great importance to select an
appropriate boundary condition so as to achieve a desired result.
This chapter provides a detailed explanation of various parameters used to set up
the simulation of a fluid flow around a two dimensional rotating VAWT using NACA
0018 airfoils. This chapter deals with the types of viscous model, boundary conditions,
discretization schemes, time step calculations, reference values and solver used. The
grid is generated using ICEM CFD and flow is analyzed using FLUENT. Numerical
values of forces obtained from the simulation are validated with the research article
by Guerri et al. (2007) by plotting a graph between force and angle of rotation.
Another validation is made by comparing a graph between Cp and λ obtained by
CFD computations, with the experimental results by Claessens (2006).
2.2 Governing Equations
Computational Fluid Dynamics comprise the governing differential equations and
applicability of these governing equations depend on the nature of the flow. These
equations have their mathematical representations which can be employed individu-
ally or in a group depending on the need of the desired output. Three basic principles
which govern the characteristics of the flow of any fluid are conservation of mass, mo-
mentum and energy. In present case, we are dealing with the equation of continuity
with the application of K-Ω model.
The Continuity Equation or Conservation of Mass given by White (2005), as
follows:
∂ρ
∂t +
∂ρu
∂x +
∂ρu
∂y +
∂ρu
∂z = 0 (2.1)
Navier-Stokes Equation for an incompressible flow given by White (2005), as fol-
lows:
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ρ [∂ui
∂t
+ ∂ukui
∂xk
] = - ∂ρ
∂xi
+gi +µ
∂2ui
∂xkxk
= 0 (2.2)
2.3 Geometry of NACA 4 digit series
NACA 4 digit airfoil family is defined by a series of numbers where each number
has its own significance, for instance in NACA 0018 the first digit represents maximum
camber as percentage of chord and it is denoted by ‘m’. Second digit refers to distance
of maximum camber from the leading edge in tenth of percentage denoted by ‘p’. Rest
of the two digits designate to maximum thickness of airfoil as a percentage of chord
denoted by ‘t’. Coordinates of NACA 0018 airfoil used for the present study has been
listed in Appendix (B). The coordinates of NACA 4 digit airfoil family are given by
the following equations as mentioned by Abbott and Doenhoff (1959):
y = tc
0.2
[0.2969
√
x/c− 0.1260(x/c)− 0.3516(x/c)2 + 0.3516(x/c)3 − 0.3516(x/c)4]
(2.3)
Where:
c is the chord length of the airfoil
x is the position along chord from 0 to c
y is the half thickness at a given value of x
t is the maximum thickness as a fraction of chord
The position of the coordinates on the upper curve of the airfoil (XU , YU) and lower
curve (XL, YL) of the airfoil is given by
XU = XL = X (2.4)
Similarly, the position of the coordinates on lower curve of the airfoil (XL, YL) is
given by:
YU =+Y (2.5)
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YL = -Y (2.6)
2.4 Geometry Creation
ICEM CFD has been used as a pre-processor for the grid generation. Symmetrical
airfoil NACA 0018 has been used for the present study as shown in figure 2.3. Rotor
is equipped with three airfoils each with the chord length of 0.107 m. located at 120◦
from one another. Diameter of the rotor is set as 2 m. and far-field is located at
168 chords from the center of the rotor. Formatted point data for airfoil come from
different sources. For this case NACA ASCII 4 digit series has been used. Two curves
with 100 node points on each of them is drawn using create/modify tool going all
the way from leading edge to trailing edge. All the curves and surfaces are assigned
separately with different part names, this helps setting up the boundary conditions
distinctly.
2.5 Grid Generation
Two separate zones are created, rotor being rotary and square far-field being
stationary. The far-field mesh which is of hexahedral type is less dense as compared
to hexahedral mesh in the rotary zone. 2-D planar blocking is created around the
120◦ section of rotor as depicted in figure 2.4. Having a proper edge-curve association
helps get a nice fit of mesh around the edges. Among several types of grids available
in ICEM CFD like H-grid, O-grid, C-grid and Y or quarter O-grid, current meshing
uses quarter O-grid along with the C-grid around the airfoil. O-grid allows a uniform
orientation of mesh around the geometry and C-grid captures the geometry of the
airfoil as illustrated in figure 2.6. Block is then split to capture the airfoil geometry.
Blades of the vertical axis wind turbine are set to rotate by making a pair of opposite
nodes periodic. This is done by setting up base, axis and angle in global mesh
parameters and then selecting periodic vertices using the edit block tool. Hexahedral
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meshing is used considering the fact that hexahedral mesh provides more uniform and
smooth meshing over tetrahedral or quad. Edge meshing parameters are used to get
a more uniform mesh distribution. Mesh around the airfoil needs to be dense enough
so as to have a smooth gradient change in fluid. Figure 2.5 shows the schematic
view of the hexahedral meshing of 120◦ section of a rotor. This 120◦ section is then
copied and rotated to get a complete 360◦ VAWT as shown in figure 2.7. FLUENT
does not accept structured mesh pattern therefore, the structured hexahedral mesh is
converted into unstructured mesh before exporting it to FLUENT. Figure 2.8 shows
the complete set up of a VAWT mesh.
2.6 Turbulence Model
The end result of the flow problem primarily depends on the Reynolds number.
Working with high Reynolds number is comparatively complex as it requires more
precision and accuracy to deal with. Computational Fluid Dynamics offers a gamut of
flow models which can be used individually as per the requirement of the end result.
Various turbulent modeling and simulation techniques like Direct Numerical Simula-
tion (DNS), Large Eddy Simulation (LES), Detached Eddy Simulation model (DES),
Reynolds Stress Model (RSM), K- model, K-ω model, Spalart-Allmaras model are
available and each one of them can be effectively used in particular area of applica-
tions.
In the present study, wall bounded turbulent flows around the vertical axis wind
turbine has been modeled using SST K-ω model. SST model for K-ω differs from
standard model in a context that SST provides a change in a gradual manner from
standard K-ω model in the inner region to high Reynolds number flow with K- model
in the outer region. In order to achieve this, K- model is transformed into a K-ω
formulation. Two equation eddy viscosity turbulence model by Menter (1994) is given
by these equations:
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∂(ρk)
∂t +
∂(ρujk)
∂xj
= P- β ∗ ρω k + ∂[(µ+σkµt)
∂k
∂xj
]
∂xj
(2.7)
∂(ρk)
∂t +
∂(ρujk)
∂xj
= γνtP - βρω
2 +
∂[(µ+σωµt)
∂ω
∂xj
]
∂xj
+ 2(1− F1)ρσωω ∂k∂xj ∂ω∂xj
(2.8)
2.7 Boundary Conditions
Boundary condition in Fluent defines the flow parameters at the boundaries of the
flow domain. The end result depends on the boundary condition to a great extent.
There are various boundary types available in FLUENT like pressure inlet, velocity
inlet, mass flow inlet, pressure outlet, pressure far-field, outflow, stationary wall,
moving wall and axis. In our current study, periodic boundary condition is applied
to set the airfoils rotating. Boundary conditions used for the present case have been
shown in figure 2.8.
In order to use velocity inlet as a boundary type the magnitude and direction of
the velocity must be known. The possible pairs of boundary types at the inlet and
exit are:
Pressure inlet - Pressure outlet
Mass flow inlet - Pressure outlet
Velocity inlet - Pressure outlet or Outflow
For our study a boundary pair of velocity inlet and outflow is used. Outflow boundary
condition is generally suitable for the simulation of airfoil related problems. Airfoils
are considered to be a stationary wall in reference to a moving fluid zone.
2.8 Problem Set up in Fluent
Rotating hexahedral mesh of the rotor is merged with the stationary mesh of the
far-field. Mesh is then checked into ICEM CFD for all possible errors like uncon-
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nected vertices, periodicity, uncovered faces and single elements. ANSYS is used as
a common structural solver and Fluent V6 as an output solver to write a mesh file
which could be read into FLUENT. Two dimensional double precision solver with
parallel processing option is used. Mesh is checked again in Fluent for any negative
volumes and skewness. FLUENT also allows scaling the size of the working domain
and at the same time the user can set the units in SI, CGS and other format. In
order to apply periodicity turbo-outer and far-inner both the parts are changed from
wall boundary types to interface boundary types. Now mesh interface is created
by selecting both the interface zones which allows us to set the rotational periodic
boundary conditions. Moving mesh technique is applied for this simulation where
rotor is set to rotate at 380 RPM but the far-field remains stationary. Various types
of pressure velocity coupling schemes are available in FLUENT and their selection
depends on various factors. The present study involves the application of SIMPLE
scheme. Among several special discretization schemes available in FLUENT, Green-
gauss node based gradient with Presto pressure and second order upwind scheme are
found to be appropriate for the present study. Simulation begins with first order
upwind scheme and then continues with the second order after the first convergence
is reached just to avoid instability in flow. Convergence criterion for the solution
are set as 10−6. Appendix (A) describes the steps followed in FLUENT for a flow
modeling of VAWT. Currently, our area of consideration is to determine the forces
acting on each of the three rotating airfoils and to obtain an optimum value of tip
speed ratio which gives the maximum power output when wind passes the turbine at
a speed of 10 m/s. In the present study Reynolds number is set as 1.086×106 for a
rotor diameter of 2 m. In the present case Reynolds number based on rotor diameter
(D) is given by:
ReD =
ρV D
µ =
1×10×2
1.8421×10−5 (2.9)
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2.9 Time Step Calculations
Unsteady simulation involves time dependent calculations. Time step is calculated
using speed of the rotor.
Rotational speed of the rotor N = 380 rpm = 380/60 revolution/sec = 6.33 rps
Or, Rotor makes 6.33 revolutions in one second
Or, it takes 0.1579 seconds to make 1 revolution or (360◦)
Therefore, time taken to rotate 360◦ is 0.1579 seconds
Time step size is given as 1.052×10−4 seconds
Therefore number of time steps required for one revolution
= 0.1579/1.052×10−4 = 1500 time steps
Maximum iterations per time step = 80
The maximum iterations per time step in FLUENT basically sets the maximum
number of iterations to be performed per time step, which is generally used for un-
steady flow calculations. If the convergence criteria are achieved before this particular
number of iterations is performed, the solution moves to the next time step.Therefore
it is recommended to set the value of maximum iterations per time step little high.
2.10 Reference Values
Chord length = 0.107 m
Reference Length = Radius of The Rotor = 1 m.
Area = Rotor Diameter× span = 2*1 = 2 m2 for 2-D Span = 1
Enthalpy = 0 jule/kg
Pressure = 1 atm at the Velocity Inlet
Density = 1 kg/m3
Temperature = 288.16 k
Reynolds number = 1.086×106
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Viscosity = 1.8421×10−5 kg-s/m
Turbulent Kinetic energy = 1.5 m2/ s2
Turbulent dissipation rate = 1386 s−1
2.11 Airfoil Lifting Theory
Blades of a wind turbine is considered to be like an airfoil therefore, the same
airfoil lifting theory is applied to the blades of a wind turbine as well. Mechanism of
lift generation in airfoil is based on Bernoulli’s principle, (White, 2005) which states
that velocity of the fluid increases where the pressure generated by the fluid decreases
or vice versa. This phenomenon causes lift to generate on airfoil. The velocity of the
wind passing over the upper surface of the airfoil is more than the one passing over
the lower surface and according to Bernoulli’s principle, pressure on the lower surface
is more than the pressure on the upper surface which causes a pressure difference and
this whole mechanism eventually leads to an aerodynamic lift generation. In case of
wind turbines, this aerodynamic lift causes rotation of the turbine blades.
2.12 Tip Speed Ratio
Tip speed ratio is an important factor that affects power output of a wind turbine
greatly. Proper attention must be paid while designing a wind turbine so as to achieve
an optimum tip speed ratio. Angle of attack of blade varies as the turbine rotates.
Angle of attack is inversely proportional to the tip speed ratio. Therefore, at higher
tip speed ratio a blade experiences lower angle of attack leading to lower stall creation.
For a tip speed ratio of above 3 the stall produced by turbine is very low hence positive
torque is generated. Torque generation also depends on the type of airfoil chosen and
Reynolds number. According to Betz limit (Cetin et al., 2005) no wind turbine can
have its efficiency more than 0.593. Tip speed ratio is a ratio of linear velocity of the
blades to the free stream velocity of the wind. It is a dimensionless parameter which
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is defined as:
Tip Speed Ratio λ = linear velocity of the rotor blade/wind velocity
λ = ω×r/V (2.10)
where:
λ = Tip Speed Ratio
ω = Angular velocity of rotor blade
r = Rotor radius
V = Wind velocity
2.13 Angle of Attack
Angle of attack α, is defined as the angle subtended by an oncoming wind velocity
with the chord line of an airfoil. The angle of attack depends on the rotational angle
θ and tip speed ratio λ which is given as:
α = tan−1[ cosθ
λ−sinθ ] (2.11)
As the blade rotates angle of rotation also changes and it causes a change in angle
of attack. As it is shown in figure 2.2, α increases gradually for a range of θ = 0 -
45 then it decreases and goes negative from 45 - 60 and then increases between 60 -
225. A condition of stall occurs after α reaches 40 degrees where drag force becomes
dominant over lift force.
2.14 Von Karman Vortex Street
Figure 2.15 (b) shows a phenomenon in fluid dynamics. When fluid flows over
a cylindrical body it creates periodic pattern of swirling flows which is called Von
Karman Vortex Street. This wake shedding is the result of a flow separation usually
occur at low Reynolds number. Leading and trailing edge vortex formation is depicted
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in figure 2.14 and figure 2.15 (a). The velocity vectors at V∞ = 10 m/s, over the
surface of the airfoil, at the outflow, leading edge and trailing edge is also shown in
figure 2.10 - figure 2.13 respectively.
2.15 Calculation of Torque Produced by Horizontal and Vertical Forces
Acting on Airfoils
Forces acting on each airfoil are sum of the two components that is pressure force
and viscous force. In order to calculate the torque produced by each airfoil, this
force is further split into horizontal and vertical direction. Component of these two
forces do not always contribute to the torque due to the rotary motion of the turbine.
The component of force for which axis of rotation of turbine lies in its direction,
produces no torque. Forces acting on each airfoil are set to be reported in FLUENT
in horizontal and vertical direction. The component of these forces in horizontal and
vertical direction obtained by using data sets by Guerri et al. (2007) is illustrated
in figure 2.16 and figure 2.18 respectively. Torque produced by each airfoil is then
calculated by following equations:
T1 = - Fx1.Rcos θ - Fy1.Rsin θ (2.12)
T2 = - Fx2.Rcos (θ + 120) - Fy2.Rsin (θ + 120) (2.13)
T3 = - Fx3.Rcos (θ + 240) - Fy3.Rsin (θ + 240) (2.14)
Total Torque T = T1 + T2 + T3 (2.15)
(Total Torque ‘T’ is calculated for every 6 degrees of rotation)
Average Torque =
∑
T/n (2.16)
where n is number of recorded values = 360/6 = 60
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2.16 Grid Independence
Computational results obtained by CFD simulation must be grid independent.
The results should not vary with the number of cells in mesh. Therefore, grid in-
dependency is one of the important parameters to check the accuracy of the solution.
Simulation is run for a cell size of 65000 and 140,000 and then component of the forces
are plotted as a function of angle of attack. Results are found to be independent of the
number of cells with negligible difference in their magnitude. Figure 2.16 and Figure
2.18 shows the grid independent solution obtained by simulations. These graphs also
serve the purpose of validation as figure 2.16 and 2.18 follows the same trend as shown
in figure 2.17 and 2.19 by Guerri et. al (2007).
2.17 Validation of 2-D CFD simulation
Simulation is set to run at several tip speed ratios ranging from 1- 6 at Reynolds
number of 106 and then a graph is plotted between Cp and λ. Results are found to
be in a good agreement with the experimental result by Claessens (2006) as shown
in figure 2.20. Maximum Cp = 0.34 is obtained at λ = 3.8.
Table 2.1: Data sets used for simulation in FLUENT (V∞ = 10 m/s, Rotor Diameter
= 2 m.)
TSR Speed in RPM Total Time Steps Step Size δt Total Time/cycle Cp(obtained)
1 95.5 1500 0.0004188 0.6282 0.004
2 191 1500 0.0002094 0.3141 -0.007
3 286.47 1500 0.0001396 0.2094 0.263
4 380 1500 0.0001052 0.1579 0.325
5 477.46 1500 0.0000837 0.1256 0.093
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Figure 2.1: Solution strategy in FLUENT (Fluent 12.0.16 user guide).
Figure 2.2: Variation of angle of attack as a function of θ in degrees for a range of λ.
25
Figure 2.3: Schematic view of the geometry of rotor 120◦ with NACA 0018 airfoil.
Figure 2.4: Blocking with the application of quarter O-grid and periodic vertices.
Figure 2.5: Schematic view of the hexahedral meshing of 120◦ of rotor with
NACA0018.
26
Figure 2.6: Closer view of the O-type grid around NACA0018 airfoil.
Figure 2.7: View of the rotor (unstructured hexahedral mesh) with three airfoils.
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Figure 2.8: Schematic views of the stationary far-field and rotor (unstructured hexa-
hedral mesh).
Figure 2.9: Schematic view of a six bladed VAWT with GUI of ICEM CFD.
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Figure 2.10: Velocity vectors at the surface of the airfoil at λ = 2, θ = 360, V∞ = 10
m/s, Reynolds number 106.
Figure 2.11: Velocity vectors at the outflow at λ = 2, V∞ = 10 m/s.
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Figure 2.12: Velocity vectors at the leading edge of the airfoil at λ = 2, θ = 120, V∞
= 10 m/s.
Figure 2.13: Velocity vectors at the trailing edge of the airfoil at λ = 2, θ = 240, V∞
= 10 m/s.
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Figure 2.14: Depiction of leading and trailing edge vortex formation
(a) Leading edge vortex and trailing edge
vortex.
(b) The tower wake.
Figure 2.15: Formation of vortices at λ = 2
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Figure 2.16: Grid-Independent result for cell size of 65000 and 140000 (Horizontal
component of the blade force at λ =1.88, V =10 m/s).
Figure 2.17: Horizontal component of the blade force at λ =1.88, V =10 m/s (Guerri
et. al, 2007).
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Figure 2.18: Grid-Independent result for cell size of 65000 and 140000 (Vertical com-
ponent of the blade force at λ =1.88, V =10 m/s).
Figure 2.19: Vertical component of the blade force at λ =1.88, V =10 m/s (Guerri
et. al, 2007).
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Figure 2.20: (A) Validation of Cp of VAWT with the experimental results by Claessens
(2006) as a function of λ (B) V∞ = 10 m/s, Re = 106, Rotor diameter= 2 m.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1 Introduction
At the lower blade speed the blade torque is expected to be high but the power
delivered to the turbine shaft would be low due to the low rotational speed. On the
other hand at higher blade speed power would still be low due to the lower torque.
Hence, there would be an optimum speed at which turbine would deliver maximum
power. Therefore, having a proper ratio between the linear velocity of the tip of the
rotor blade and oncoming wind velocity is an important design consideration in order
to obtain maximum power output. This ratio is called Tip Speed Ratio. There are
several factors that tip speed ratio of the wind turbine depends on such as type and
shape of the airfoil used, number of blades, wind velocity and speed of the rotor.
This chapter mainly deals with computational methodology used and results ob-
tained from a proper assessment of an optimum tip speed ratio at which turbine pro-
duces maximum power output. Simulation is set to run at several tip speed ratios.
Effect of rotor’s diameter on turbine’s performance is investigated in this chapter.
Rotor’s diameter is halved (D=1 m.), keeping the wind velocity and tip speed ratio
the same as earlier. Result is then analyzed and compared with the results from pre-
vious chapter where coefficient of performance of VAWT obtained by CFD simulation
was validated with the experimental result by Claessens (2006).
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3.2 Coefficient of Performance of a VAWT (Cp)
Coefficient of Performance of a wind turbine is a factor that describes how effi-
ciently wind power is utilized and transformed into useful turbine power. Coefficient
of Performance depends on the type of airfoils, blade thickness and Reynolds num-
ber. It has been found by experiment that performance increases with the increase
in thickness of airfoil. It is basically given by the ratio between power extracted by
the turbine and available wind power. It can be mathematically expressed as:-
Cp = Power generated by Turbine/Wind Power
= Pt/Pw
Cp = ω×Tmean/0.5ρAV 3 (3.1)
Average Torque is calculated by reporting coefficient of moment in FLUENT for one
complete revolution. It is given by the formula:-
Tmean = 0.5(Cm1 + Cm2 + Cm3)ρAV
2R/number of recorded values (3.2)
Where Cm1, Cm2, Cm3 are coefficient of moments of airfoil-1, airfoil-2 and airfoil-3
respectively.
3.3 Effect of Rotor Diameter on VAWT’s Performance
Coefficient of performance is directly proportional to the radius of the rotor. If
size of the rotor increases Cp also increases. Following the objective of investigating
the effect of turbine size on Cp, rotor’s diameter is halved keeping the wind velocity
and tip speed ratio the same as earlier. Now in order to maintain the same λ angular
velocity of the rotor is doubled and then set up is simulated for a range of λ. Con-
clusion is drawn by considering the graph between Cp and λ in figure 3.1 that Cp of
a wind turbine remains almost same as long as the λ is constant. Fundamentally, the
reduction in rotor diameter increases the possibility of blade-blade interaction which
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causes more wake generation but in the present case this interaction was not strong
enough to cause a decrease in Cp due to the fact that the ratio of chord length and
rotor radius ( i. e. c/R) were kept the same in both the cases.
3.4 Effect of Laminar Flow on VAWT’s Performance By Comparing the
Results From RANS Turbulence Model and Laminar Viscous Model
Fluid flow over a body is divided into two categories depending on the relative
motion between solid and fluid (White, 2005); one where frictional forces are signifi-
cant to the flow and another where their effects are negligible. The flow region which
is in immediate contact with the body is regarded as a boundary layer. Flow pattern
over the airfoil surface goes through several stages from zero velocity at the boundary
layer with high friction to maximum velocity away from the boundary layer. Based
on the Reynolds number, flow in the boundary layer can be classified as Laminar
flow, Transition region flow and Turbulent flow. Reynolds number is the ratio of
inertial forces to viscous forces. Flow at low Reynolds number is considered to be
a flow where viscous forces are significant whereas flow at high Reynolds number is
turbulent due to the dominance of the inertial forces. In the current study both the
aspects of fluid flow has been covered. SST k omega model as a RANS Turbulence
model is used at Reynolds number of 106. Inertial forces at this Reynolds number
are too high which causes better aerodynamic performance of NACA 0018 airfoil as
compared to low Reynolds number flow. Contours of vorticity at various λ is shown
in figure 3.20 and figure 3.21 which illustrates the flow pattern around VAWT at high
Reynolds number. Condition of dynamic stall is observed at few angle of attacks and
this effect becomes even less significant at high λ. Reynolds number based on chord
is given by:
Rec =
ρV c
µ
(3.3)
On the other hand, flow around the turbine is also investigated using Laminar
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Viscous model at Reynolds number of 5000. As flow velocity over the airfoil surface
decreases pressure increases. This causes flow reversal in the boundary layer which
leads to flow separation and this separation is called Stall, whereas the bubbles created
at leading edge is called leading edge separation bubble. Design of airfoils for low
Reynolds numbers are restricted to lift to drag ratio. Symmetrical airfoils like NACA
0018 cannot handle an adverse pressure gradient, causing lower L/D ratio, which
eventually leads to flow separation. In order to avoid this problem and maintain a
proper lift to drag ratio, usually cambered airfoils are used at low Reynolds numbers.
Laminar flow can sustain the pressure gradient to a certain extent after that there
may be three possibilities as mentioned by White (2005) (a) complete separation
and stall (b) flow separation and then reattachment as turbulent (c) fully turbulent
flow. Contours of vorticity at various λ for laminar flow is shown in figure 3.2 and
it shows vortices are trailing back due to the flow separation. Wind turbine cannot
be conveniently operated below a specific range of Reynolds number as it is obvious
from figure 3.3 that turbine produces negative torque at Re = 5000 therefore produces
negative power output.
3.5 Effect of Solidity on VAWT’s Performance
Optimization of number of blades is really necessary to ensure maximum power
output from a wind turbine. If the numbers of rotor blades are less it is supposed
to rotate at a much faster rate to sweep out as much wind as possible which may
contribute to maximum power output for that configuration. On the other hand if
turbine has too many numbers of blades it will obstruct the flow of the wind and
will not let sufficient amount of wind to pass through it. Aerodynamic performance,
load bearing capacity and total manufacturing cost of the unit are some important
factors which must be given a thoughtful consideration while making a choice for the
number of blades to be used. Aerodynamic loading is another important factor to be
38
considered before making a selection of number of blades. In case of Vertical Axis
Wind Turbine the blades are not required to be directed towards the wind direction
as it is in case of Horizontal Axis Wind turbine. At the same time center of gravity
of VAWT lies near the ground as the generator is mounted nearby the ground. Along
with having some advantages over HAWT it also possess some disadvantages like
when VAWT rotates wind flow produces very high drag force thereby causing a yaw
phenomena. This is where alignment of VAWT plays an important role. Cetin et al.
(2005) describes an empirical formula to determine the optimum tip speed ratio for
a particular number of blades, as follows:-
λopt = 4 pi/n (3.4)
where n = number of blades. For a 3 bladed wind turbine it should be around 4.18.
In the present study λopt = 3.8.
Individual torque generated by each blade at several tip speed ratios are shown
in figures 3.4 - 3.9 and it shows that torque increases for a range of λ of 2 - 4 and
then goes negative due to the generation of dynamic stall. Total torque produced
by the turbine at various tip speed ratios are also shown in figures 3.10- 3.15. In
order to get an accurate result, simulation is run until steady solution is reached. In
most of the cases simulation is found to reach steady state but still in few cases the
results are expected to change slightly in the next few cycles. Contours of velocity
and contours of pressure of airfoil 1 is shown in figure 3.16 and figure 3.17 at λ =
5 and 3 respectively. In order to make a better comparison of vorticity and wake
produced at each λ, for 3 bladed and 6 bladed VAWT, screen-shots of contours of
vorticity are attached side by side in figure 3.20 and figure 3.21. Contours of Velocity
for 3 bladed and 6 bladed VAWT are also shown in figure 3.18 and figure 3.19. All
the contours are clipped to the same range to bring consistency.
Solidity is defined as the ratio of total blade surface area to the area swept by wind
turbine blades. Lack of information available regarding the effect of number of blades
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on overall performance of a wind turbine gives rise to further the present study in
this field. In order to investigate the effect of solidity on Cp, mesh is created for a six
bladed VAWT and then CFD simulation is carried out. Simulation is performed at V
= 10 m/s, Re = 106, D = 2 m. and at values of λ ranging from 1-5. Data sets used
for this simulation were kept exactly the same as used earlier for the simulation of 3
bladed wind turbine, just to make a better comparison between their performances.
Solidity can be mathematically expressed as follows:
σ = NbC
R
(3.5)
Where:
Nb = Total number of blades (6 for the present case)
C = Blade chord length
R = Rotor radius
It is concluded from the CFD results that blockage effect increases with the in-
crease in number of blades which causes low entrance velocity and leads to higher
torque generation. This effect is more significant at higher values of λ. Another
conclusion that can be drawn from the result is, the corresponding value of λ for
Cp,max of wind turbine decreases with the increase in number of blades or in other
words maximum Cp is obtained at relatively lower value of λ as the number of blades
increases. It is obvious from the figure 3.22 that Cp,max = 0.34 is achieved at λ = 3.8
for 3 bladed VAWT whereas for 6 bladed VAWT Cp,max = 0.39 is achieved at λ =
2.8. A conclusion can be drawn from figure 3.20 and 3.21 that for 6 bladed turbine
wake interaction between blades take place more frequently as compared to 3 bladed
turbine which means that Cp,max could be obtained at relatively lower value of λ as
compared to 3 bladed VAWT.
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Figure 3.1: (A) Influence of rotor diameter on the VAWT’s performance for a range
of λ (B) V∞ = 10 m/s, Re = 106, Rotor diameter 1m. and 2m.
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(a) after 1 cycle at λ =1 (b) after 1 cycle at λ =2
(c) after 3 cycles at λ=3 (d) after 2 cycles at λ=4
(e) after 2 cycles at λ=5 (f) after 3 cycles at λ=6
Figure 3.2: Contours of Vorticity for a range of λ for Laminar flow at Rec =5000, D
= 0.1365 m.
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Figure 3.3: Influence of Laminar flow on Cp with the application of Laminar viscous
model at low Rec= 5000, V∞ = 10 m/s, Rotor diameter= 0.1365 m.
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Figure 3.4: Variation of torque generated by each blade as a function of λ = 1
Figure 3.5: Variation of torque generated by each blade as a function of λ = 2
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Figure 3.6: Variation of torque generated by each blade as a function of λ = 3
Figure 3.7: Variation of torque generated by each blade as a function of λ = 4
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Figure 3.8: Variation of torque generated by each blade as a function of λ = 5
Figure 3.9: Variation of torque generated by each blade as a function of λ = 6
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Figure 3.10: Variation of total torque generated by VAWT as a function of λ = 1
Figure 3.11: Variation of total torque generated by VAWT as a function of λ = 2
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Figure 3.12: Variation of total torque generated by VAWT as a function of λ = 3
Figure 3.13: Variation of total torque generated by VAWT as a function of λ = 4
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Figure 3.14: Variation of total torque generated by VAWT as a function of λ = 5
Figure 3.15: Variation of total torque generated by VAWT as a function of λ = 6
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(a) t= 0.5s θ=360 (b) t = 0.631s θ=720
(c) t= 0.526s θ=432 (d) t =0.605s θ=648
(e) t= 0.552s θ=504 (f) t= 0.578s θ=576
Figure 3.16: Contours of Velocity of airfoil-1 after two cycles at λ =5 and Rec = 10
6
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(a) t= 0.234s θ=360 (b) t = 0.267s θ=720
(c) t= 0.296s θ=432 (d) t =0.312s θ=648
(e) t= 0.362s θ=504 (f) t= 0.413s θ=576
Figure 3.17: Contours of Pressure of airfoil-1 after two cycles at λ =3 and Rec = 10
6
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(a) λ=1 (b) λ=1
(c) λ=2 (d) λ=2
(e) λ=3 (f) λ=3
Figure 3.18: Contours of Velocity at λ = 1, 2, 3 and Rec = 10
6, for 3 bladed turbine
on left side and 6 bladed turbine on right side
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(a) λ=4 (b) λ=4
(c) λ=5 (d) λ=5
(e) λ=6 (f) λ=6
Figure 3.19: Contours of Velocity at λ = 4, 5, 6 and Rec = 10
6, for 3 bladed turbine
on left side and 6 bladed turbine on right side
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(a) after 1 cycle at λ=1 (b) after 1 cycle at λ=1
(c) after 2 cycles at λ=2 (d) after 2 cycles at λ=2
(e) after 2 cycles at λ=3 (f) after 2 cycles at λ=3
Figure 3.20: Contours of Vorticity at λ = 1, 2, 3 and Rec = 10
6, for 3 bladed turbine
on left side and 6 bladed turbine on right side
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(a) after 3 cycles at λ=4 (b) after 3 cycles at λ=4
(c) after 3 cycles at λ=5 (d) after 3 cycles at λ=5
(e) after 2 cycles at λ=6 (f) after 2 cycles at λ=6
Figure 3.21: Contours of Vorticity at λ = 4, 5, 6 and Rec = 10
6, for 3 bladed turbine
on left side and 6 bladed turbine on right side
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Figure 3.22: (A) Influence of number of blades on the VAWT’s performance for a
range of λ (B) V∞ = 10 m/s, Re = 106, Rotor diameter= 2 m.
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Table 3.1: Data sets used for simulation in FLUENT (V∞ = 10 m/s, Rotor Diameter
= 1 m.)
TSR Speed in RPM Total Time Steps Step Size δt Total Time/cycle Cp(obtained)
1 191 1500 0.0002094 0.3141 0.00271
2 382 1500 0.0001047 0.1570 -0.0054
3 572.94 1500 0.0000698 0.1047 0.267
4 760 1500 0.00005263 0.0789 0.354
5 954.92 1500 0.00004188 0.0628 0.087
Table 3.2: Cp vs λ at V∞ =10 m/s
λ SST k-ω model (Re=106) Laminar model (Re=5000) Solidity with 6 Blades, (Re=106)
D = 2 m. D = 1 m. D = 0.1365 m. D = 2 m.
1 0.004 0.0027 -5.03 0.1539
2 -0.007 -0.0054 -1.75 0.216
3 0.263 0.267 -6.25 0.33
4 0.325 0.354 -6.02 -0.68
5 0.093 0.087 -11 -2.48
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CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS
4.1 Summary
In the present study, a 2-D unsteady model of a vertical axis wind turbine com-
prising three rotating symmetric airfoils (NACA0018) has been designed with the
consideration of a near wake. The flow around the wind turbine is simulated using
ANSYS FLUENT 12.0.16 at Reynolds number of 106. ICEM CFD is used as a pre-
processor to generate hexahedral grid and sliding mesh technique is implemented to
create a moving mesh. SST k- ω Turbulence model is employed for the analysis and
simulation is set to run at several tip speed ratios ranging from 1 to 5. Variation of
Cp as a function of λ is then observed by plotting a graph between them. An appro-
priate validation is made by comparing CFD results with the experimental results by
Claessens (2006). Maximum Cp = 0.34 is obtained at λ = 3.8. In addition, the effect
of rotor diameter on VAWT’s performance is also investigated. In this regard, rotor
diameter is halved but the angular velocity is doubled to keep the tip speed ratio
constant. Furthermore, theory behind leading edge separation bubble is proposed
with the application of Laminar viscous model at low Reynolds number. Effect of
solidity on Cp is also included in this thesis for a six bladed turbine.
4.2 Conclusions
The following conclusions are drawn on the basis of results obtained from 2-D CFD
simulations of a VAWT as shown in previous chapter:
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• Tip speed ratio is one of the influential factors on which coefficient of perfor-
mance of a wind turbine depends.
• Depending on the type of airfoil used, every wind turbine has a particular range
of operating tip speed ratios at which, turbine produces positive power output
and for the rest of the values of λ it goes negative. In general a VAWT with
fixed pitch blades is unable to start by itself. The major problem with the
straight-bladed VAWT is the negative Cp at low tip speed ratios. A positive
Cp shows that the turbine is able to rotate independently and produce power,
whereas a negative Cp means the turbine needs extra power to be able to rotate.
• Cp,max = 0.34 is achieved at λ = 3.8 for a 3 bladed VAWT whereas for a 6
bladed VAWT Cp,max = 0.39 is achieved at comparatively lower value of λ that
is 2.8.
• Influence of rotor diameter on the aerodynamic performance of a VAWT has
been investigated and found that Cp remains almost constant at the same value
of λ ranging from 1-5, this is due to the fact that the ratio of chord length and
rotor radius ( i. e. c/R) were kept the same in both the cases.
• For Laminar flow at low Reynolds number Cp was found to be low due to the
presence of leading edge separation bubble and reduced lift-to-drag ratio.
• In order to increase Cp of a VAWT at low Reynolds numbers (e. g. small
VAWT), different blade geometry (e. g. cambered) and different propulsion
mechanism ( inspired by insect flights) are needed.
• Influence of solidity was explored by involving six blades for the simulation and
it was concluded that blockage effect increases with the increase in number of
blades which causes lower entrance velocity and hence leads to higher torque
generation. Maximum Cp is obtained at relatively lower value of λ as compared
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to 3 bladed VAWT. It requires comparatively large torque to produce same
amount of Cp.
4.3 Recommendations For The Future Work
• 3-D model of a VAWT can be proposed in the future studies to account for
the tip vortices and rotor arms. The 2-D CFD simulation does not include the
effects of the end tip vortices present on the real wind turbine and that is why,
2D simulations shows a significantly increased performance compared to the
3D simulations. Furthermore, the other reason for an overestimated numerical
value of Cp of 2-D calculations as compared to 3-D could be the absence of rotor
arms in 2-D simulations.
• In lieu of having a blade fixed to the rotor arm, a flapping or plunging mechanism
can be provided which will help reducing the condition of a dynamic stall. It is
the same phenomena used by insects.
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APPENDIX A
Steps involved in post-processing of VAWT using ANSYS FLUENT 12.0.16
Figure 1: Fluent launcher panel
Figure 2: Read-case-data panel
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Figure 3: General panel
Figure 4: Model panel
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Figure 5: Materials panel
Figure 6: Cell zone conditions panel
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Figure 7: Cell zone conditions panel
Figure 8: Boundary conditions panel
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Figure 9: Boundary conditions panel
Figure 10: Mesh interface panel
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Figure 11: Reference values panel
Figure 12: Solution methods panel
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Figure 13: Under relaxation factor panel
Figure 14: Monitors residual panel
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Figure 15: Monitors moment panel
Figure 16: Solution initialization panel
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Figure 17: Calculation activities panel
Figure 18: Scaled residuals
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APPENDIX B
In this appendix the coordinates of the NACA 0018 Airfoil profiles are given. These
are the coordinates used for the 2-D unsteady simulations.
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Table 1: NACA 0018 Coordinates
x/c y/c z/c x/c y/c z/c
1 0 0 0.5 -0.0789 0
0.999 -0.0002 0 0.4686 -0.0818 0
0.9961 -0.0008 0 0.4373 -0.0843 0
0.9911 -0.0019 0 0.4063 -0.0864 0
0.9843 -0.0033 0 0.3757 -0.088 0
0.9755 -0.0051 0 0.3455 -0.0891 0
0.9649 -0.0073 0 0.3159 -0.0897 0
0.9524 -0.0099 0 0.2871 -0.0898 0
0.9382 -0.0127 0 0.2591 -0.0893 0
0.9222 -0.0159 0 0.2321 -0.0882 0
0.9045 -0.0193 0 0.2061 -0.0865 0
0.8853 -0.023 0 0.1813 -0.0842 0
0.8645 -0.0268 0 0.1577 -0.0813 0
0.8423 -0.0308 0 0.1355 -0.0778 0
0.8187 -0.0349 0 0.1147 -0.0737 0
0.7939 -0.0392 0 0.0955 -0.0691 0
0.7679 -0.0434 0 0.0778 -0.0639 0
0.7409 -0.0478 0 0.0618 -0.0583 0
0.7129 -0.0521 0 0.0476 -0.0522 0
0.6841 -0.0564 0 0.0351 -0.0457 0
0.6545 -0.0606 0 0.0245 -0.0388 0
0.6243 -0.0646 0 0.0157 -0.0316 0
0.5937 -0.0686 0 0.0089 -0.0241 0
0.5627 -0.0723 0 0.0039 -0.0163 0
0.5314 -0.0757 0 0.001 -0.0083 0
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x/c y/c z/c x/c y/c z/c
0 0 0 0.5 0.0789 0
0.001 0.0083 0 0.5314 0.0757 0
0.0039 0.0163 0 0.5627 0.0723 0
0.0089 0.0241 0 0.5937 0.0686 0
0.0157 0.0316 0 0.6243 0.0646 0
0.0245 0.0388 0 0.6545 0.0606 0
0.0351 0.0457 0 0.6841 0.0564 0
0.0476 0.0522 0 0.7129 0.0521 0
0.0618 0.0583 0 0.7409 0.0478 0
0.0778 0.0639 0 0.7679 0.0434 0
0.0955 0.0691 0 0.7939 0.0392 0
0.1147 0.0737 0 0.8187 0.0349 0
0.1355 0.0778 0 0.8423 0.0308 0
0.1577 0.0813 0 0.8645 0.0268 0
0.1813 0.0842 0 0.8853 0.023 0
0.2061 0.0865 0 0.9045 0.0193 0
0.2321 0.0882 0 0.9222 0.0159 0
0.2591 0.0893 0 0.9382 0.0127 0
0.2871 0.0898 0 0.9524 0.0099 0
0.3159 0.0897 0 0.9649 0.0073 0
0.3455 0.0891 0 0.9755 0.0051 0
0.3757 0.088 0 0.9843 0.0033 0
0.4063 0.0864 0 0.9911 0.0019 0
0.4373 0.0843 0 0.9961 0.0008 0
0.4686 0.0818 0 0.999 0.0002 0
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